The in vitro translation of tomato black ring virus genomic and satellite RNAs which had been treated with protease to remove the genome-linked protein was compared with that of untreated RNA. There were no differences in the amount or size distributions of the translation products and no differences in the proportions of added RNA which bound to ribosomes in wheat germ extracts. The genome-linked protein was found in initiation complexes. It is therefore located at or near the 5' end of the RNA molecules and its proteolysis is not a prerequisite for translation.
INTRODUCTION
Picornavirus RNAs have been shown to be distinct from most eukaryotic mRNAs in possessing a protein, rather than a cap, linked to the 5' end (Lee et al., 1977; Flanegan et al., 1977; Sangar et aL, 1977; Golini et aL, 1978; Hruby & Roberts, 1978) . Genome-linked proteins have also been found on a number of plant virus RNAs (Daubert et al., 1978; Stanley et aL, 1978; Veerisetty & Sehgal, 1980) . The genome of tomato black ring virus (TBRV) comprises two RNA molecules of mol. wt. 2.7 x 106 and 1.6 x 106 (Mutant et al., 1981) . The infectivity of TBRV RNA is greatly decreased when either or both RNA species are treated with protease (Harrison & Barker, 1978) , suggesting the presence of a protein linked to the genomic RNAs. Some strains of TBRV also contain a satellite RNA of mol. wt. 5 x 105 (Murant et al., 1973) which cannot replicate autonomously and is dependent upon both genomic RNAs for its replication and encapsidation.
In the present paper, we confirm by direct labelling that both TBRV RNAs are linked to a protein, and show that satellite RNA is also linked to a protein of a similar size. The data suggest that the protein is situated at the 5' termini of these RNAs.
It is known that protease treatment does not affect the translation of the RNA of picornaviruses or comoviruses (Sangar et al., 1977; Nomoto et al., 1977; Perez-Bercoff & Gander, 1978; Stanley et al., 1978) . However, we could imagine that the VPg is involved in the translation of inoculum RNA, in those viruses such as vesicular exanthema virus (Burroughs & Brown, 1978) , southern bean mosaic virus (Veerisetty & Sehgal, 1980) and TBRV, in which infectivity seems to depend on VPg being undegraded. In this paper, we have examined the translation in vitro of both genomic and satellite RNA of TBRV but have found no evidence for intact VPg playing an essential role in the translation of any of these three RNA species. AND C. FRITSCH TBRV strain S (Scottish strain; Harrison, 1958) was propagated in Nieotiana elevelandii and purified 10 days after inoculation as described by Fritsch et al. (1978) .
METHODS

Purification of virus.
Preparation of RNA species. RNA was extracted from purified virus by shaking virus in 0.05 M-tris-HC1 pH 7.5 with an equal volume of phenol + m-cresol (9:1, v/v) containing 0.1% 8-hydroxyquinoline. After three extractions with phenol, RNA was precipitated from the aqueous phase by adding NaC1 to 0.1 M and 2.5 vol. ethanol. The three RNA species were separated by sedimentation in gradients of 10 to 50% (w/v) sucrose prepared in 0.05 M-tris-HC1 pH 7.5, 0.1 M-NaC1 and 5 mM-EDTA, for 16 h at 40000 rev/min in an SW41 TST Kontron rotor at 5 °C.
Analysis of RNA in polyaerylamide gels. The composition of RNA preparations was analysed by electrophoresis in gels of 2.2 % polyacrylamide + 0.5 % agarose containing 5 M-urea and 0.1% SDS (Floyd et al., 1974) . Labelled RNA was located by autoradiography using Kodak X-ray film and an intensifying screen.
Iodination of VPg on RNA. The method used was essentially that described by Greenwood & Hunter (1963) . Between 50 and 100 pg RNA were dissolved in 25 /~1 0.05 M-sodium phosphate pH 7.5 and chilled to 0 o C. A fresh, ice-cold solution of 4 mg/ml chloramine T (25 /~1) was mixed with 1 mCi Na~25I in 2 pl of water (NEZ-033L, New England Nuclear Gmbh) and immediately added to the RNA solution. The reaction was stopped immediately by adding 100/A 0.24% sodium metabisulphite and 200/A 1% KI, each dissolved in 0.05 M-sodium phosphate pH 7.5. RNA was then freed from unbound iodine by gel filtration using Sephadex G25 in 0.05 M-sodium phosphate pH 7.5, 0.1 M-NaC1, 0.1 mM-dithiothreitol, 0.1% SDS, precipitation with 70% ethanol and dialysis against distilled water.
Polyacrylamide gel eleetrophoresis (PAGE) of a25I-labelled protein, azsI-labelled VPg-RNA was incubated with ribonuclease (T, T 2 and pancreatic; 1 U//lg of each in 0-05 M-ammonium acetate, 10 mM-EDTA pH 4.7) at 37 °C overnight. After adding sufficient tris to give 0.1 M pH 6.8, and adding SDS, urea and 2-mercaptoethanol to a final concentration of 1%, 8 M and 1% respectively, the mixture was heated at 60 °C for 10 min and analysed by electrophoresis in 12.5% polyacrylamide gels containing 8 M-urea (Swank & Munkres, 1971) . Radioactivity was detected by autoradiography of dried gels and~ tool. wt. estimated from the mobility of CNBr fragments of myoglobin, detected by staining with Coomassie Brilliant Blue (mol. wt. markers from BDH).
3'-terminal labelling. The 3' ends of RNA molecules were labelled by adding [5'-32p]pCp (1000 to 3000 Ci/-mmol, Amersham International) and T4 RNA ligase to RNA as described by England & Uhlenbeck (1978) .
Protease treatments. RNA was incubated either with 0.5 mg/ml proteinase K (Merck) in 0.01 M-tris-HC1 pH 7.5, 0.1 M-NaC1, 1 mM-EDTA and 0.5% SDS for 2 h at 37 °C (Stanley et al., 1978) or with 0.2 mg/ml Pronase (Catbiochem) in 0.015 M-sodium citrate pH 7.7, 0.15 M-NaC1 and 0.5% SDS for 16 h at 37 °C (Harrison & Barker, 1978) . Treatments were stopped by adding an equal volume of water-saturated phenol, and RNA was recovered from the aqueous phase by ethanol precipitation.
Cell-free translation. An $23 extract was prepared (Marcu & Dudock, 1974 ) from wheat germ (General Mills, VaUejo, Ca., U.S.A.) and incubation conditions were those described by Fritsch et al. (1978) . Protein synthesis was determined by adding about 500 pCi/ml [3SS]methionine (approx. 1000 Ci/mmol, New England Nuclear Gmbh) and determining incorporation into trichloroacetic acid-insoluble material.
Binding to ribosomes. Radioactive RNA was added to wheat germ extracts which were then kept for 5 rain at 30 °C. In some cases 120 ~tM-sparsomycin (a generous gift from Dr J. Douros, Department of Health Education and Welfare, Bethesda, Md., U.S.A.) was added 5 rain before the addition of the RNA to block elongation (Vasquez, 1979) . Samples were then diluted with 2 vol. 0.05 M-tris-HC1 pH 7.5, 0.1 M-KC1, 4 raM-magnesium acetate (TKM buffer) and layered on gradients of 10 to 40% (w/v) sucrose in TKM buffer. Gradients were centrifuged for 2.5 h at 40000 rev/min in an SW41 TST Kontron rotor at 5 °C and then fractionated. Absorbance was monitored at 260-nm and radioactivity evaluated either by Cerenkov counting or by mixing 100 gl sample in 5 ml Ready-Solv-NA (Beckman).
Preparation of RNA fragments protected by ribosomes from ribonuelease T v After incubation of RNA with wheat germ extract in the presence of sparsomycin, samples were treated with ribonuclease T 1 (Calbiochem) at 12 U/ml at room temperature for 10 min. Ribosomes were collected by sedimentation through a 10 ml layer of 10% (w/v) sucrose in TKM buffer for 5 h at 120000 g. The pellet was dispersed in 0.5 ml 0.01 M-tris-HC1 pH 7.5, 1 mM-EDTA, 7 M-urea, 0.1% SDS (buffer A) and RNA was extracted by two phenol treatments. The final aqueous phase was applied to a 1 × 4 cm column of DEAE-cetlulose (Schleicher & Schfill, Dassel, F.R.G.) equilibrated with buffer A. The ribosome-protected fragments of RNA were eluted with buffer A containing 0-5 M-NaCI (Pinck et aL, 1979; Golini et aL, 1980) and precipitated with 20 gg tRNA as carrier by adding 2.5 vol. ethanol.
Gel eleetrophoresis of RNA fragments. RNA fragments were analysed by electrophoresis in 12% polyacrylamide gels containing 8 M-urea, 1 mM-EDTA, 0.05 M-tris-borate pH 8.3 for 16 h at 700 V in the same buffer without urea. RNA was located by autoradiography using Kodak X-ray film and an intensifying screen.
Ribonuelease T~ digestion of 125I-labelled VPg-RNA. For complete digestion RNA was incubated for 1 h at 37 °C in 0.05 M-tris-HC1 pH 7.5, 0.01 M-MgC12, containing 1 unit ribonuclease T~ per gg RNA.
RESULTS
Presence of a small protein associated with genomic and satellite R NA s
When partially purified preparations of the genome (RNA-1 and RNA-2) and satellite (RNA-3) species were iodinated and analysed by PAGE ( Fig. 1 a to c) , it was clear that each species was strongly labelled. The RNA-2 and -3 contaminating RNA-1 (Fig. 1 a) , probably caused by RNA aggregation, showed clearly as a labelled contaminant. When RNA was treated with Pronase or proteinase K prior to analysis no labelled bands were detected ( Fig.  1 d, e) , whereas when RNA was labelled with [32P]pCp and then treated with proteases the RNA species were readily observed ( Fig. If to i) . Proteases had therefore removed 125I without degrading the RNA, suggesting that the ~25I label was specific for protein.
The specific radioactivities of 125I-labeUed VPg-RNA-1,-2 and -3 were similar when compared on a molar basis, in agreement with results obtained by M. A. Mayo et al. (personal communication) , which is consistent with there being a single protein molecule attached to each RNA molecule, Typically, the radioactivity of RNA-3 was 2 × 105 to 7 × 105 ct/min/gg RNA.
As was found with RNA from another nepovirus, tobacco ringspot virus (Mayo et al., 1979a) , when 125I-labelled TBRV RNA was digested by a mixture of T 1, T2 and pancreatic ribonucleases followed by the addition of 9 vol. acetone, most of the radioactivity was precipitated. This material migrated, in a 12.5 % polyacrylamide gel containing 8 M-urea, as a single band with an apparent mol. wt. of approx. 6000. The migration rates of 125I-labelled protein from RNA-3 and from a mixture of RNA-1 + RNA-2 were indistinguishable, suggesting that satellite RNA species might be attached to the same species of protein as genomic RNAs. We refer to this protein as VPg protein. 
In vitro translation of protease-treated RNA
To test the possible involvement of the RNA-linked protein in the translation of TBRV RNA we measured the effect of the concentration of RNA on the incorporation of [35S]methionine by wheat germ extracts using untreated RNA, RNA treated with proteinase K, or R N A heated before translation. There were no consistent differences among the different types of RNA in this test (Fig. 2 a) or when incorporation was measured after different periods of incubation (Fig. 2 b) . Translation of satellite RNA treated with proteinase K or with Pronase gave results similar to those obtained with unheated or heated satellite RNA (Fig. 2 c, d ) and thus, in this respect, satellite R N A behaves similarly to both genomic RNAs.
To test for an effect of VPg on the nature of the translation products, samples of protease-treated and untreated RNA were added with [35S]methionine to wheat germ extracts and the resulting 35S-labelled polypeptides were analysed by PAGE (Fig. 3) . Neither protease had any effect on the translation products of unfractionated RNA, RNA-2 or satellite RNA.
Formation of initiation complexes
The third aspect of translation we examined was the formation of initiation complexes between RNA and ribosomes. Fig. 4 shows the distribution of 32p-labelled RNA-2 and RNA-3 in sucrose gradients after allowing translation to proceed for 10 rain. A peak of 32p sedimented at about 80S (monosomes, arrowed) and some 32p, especially in the case of RNA-2, sedimented faster. The addition of sparsomycin, which inhibits elongation, decreased the relative amount of rapidly sedimenting R N A but, as in the case of the translation of alfalfa mosaic virus RNA-3 (Pinck et al., 1981) , some possible disome or trisome material was (Fig. 4a, b) . RNA which had been treated with Pronase before translation gave very similar patterns when analysed in this way (Fig. 4 b, d ). Approximately 10% of the s2P-labelled RNAs (1, 2 or 3) sedimented at 80S or more. This value is lower than that estimated below using ~2SI-labelled VPg RNA because a large proportion of the RNA fragments were 3'-labelled but probably very few were capable of binding to ribosomes. However, the data show that for all three RNA species there was no significant effect on ribosome binding when the RNA-linked protein was digested with Pronase before incubation.
Presence of VPg in initiation complexes
Similar experiments to those described above, using ~2SI-labelled VPg RNA, gave very similar patterns of radioactivity in sucrose gradients (Fig. 5) . For both RNA-1 and RNA-2 a prominent peak of ~25I-labelled RNA sedimented faster than 80S (arrowed), even when sparsomycin was included in the incubations (Table 1) . RNA-3, as before, formed a significant proportion of monosomes without sparsomycin, and almost only monosomes with sparsomycin (Table 1 ). The proportion of radioactive RNA bound (45 to 55 %) is similar to that obtained when a variety of uniformly 32p-labelled RNA samples were tested, and probably, therefore, represents the maximum initiation capacity of our wheat germ extracts. 
Analysis of RNA fragments protected by ribosomes from ribonuelease T 1
When the initiation complexes between 125I-labelled VPg-RNA and ribosomes described above were treated with ribonuclease TI, about 10% of the radioactivity loaded on the gradient in either RNA-1, -2 or -3 sedimented at about 80S, while the remainder became much slower sedimenting (Fig. 6) . The material sedimenting at 80S was extracted with phenol and that in the aqueous phase was precipitated from 70% ethanol and then analysed by electrophoresis in 12 % polyacrylamide gels containing 8 M-urea. For comparison, samples of rESI-labelled VPg-RNA were also digested with ribonuclease T 1 and after phenol extraction were analysed in the same gel. Fig. 7 (a to c) shows that the fragments of 125I-labelled VPg-RNA protected by ribosomes migrated as 2 or 3 main bands. The patterns of bands produced by the genome RNA species were similar, but that produced by the satellite RNA was different with two of the bands further resolved into pairs. Comparing these bands with those from completely digested RNA (Fig. 7d to f ) gave differences of about 60 nucleotides for RNA-1 and RNA-2, and of about 35 nucleotides for satellite RNA protected by ribosomes. The pattern of two 125I-labelled bands in the products of complete RNase T1 digestion of ~25I-labelled VPg-RNA was also obtained when U2, pancreatic or a mixture of TI, T 2 and pancreatic ribonucleases were used to degrade the RNA.
D I S C U S S I O N
Our results confirm the earlier suggestion (Harrison & Barker, 1978) that both genomic RNA species of TBRV are linked to a protein. Satellite RNA is also linked to a protein which co-migrates in PAGE with the protein from genome RNA species. No difference was observed between tryptic peptide maps of VPg from satellite or genomic RNAs (M. A. Mayo, personal communication). Furthermore, when comparing the translation of protease-heated and unheated RNAs no differences were observed with either genome or satellite RNA. We conclude that the same, or a very similar protein, is bound to molecules of each of the three RNA species. Thus, the satellite and the genomic RNAs of TBRV have at least two features in common, the polyadenylated 3' end (Mayo et al., 1979 b) and the VPg.
As is commonly found for other RNA species (Chu et al., 1981; Stanley et al., 1978; Sangar et al., 1977; Nomoto et al., 1977; Perez-Bercoff& Gander, 1978) which are bound to a genome protein, protease treatment did not affect the translation of TBRV genomic or satellite RNAs in vitro. However, experiments with TBRV RNAs previously treated with protease and then subjected to Bolton-Hunter labelling (Harris et al., 1978) show that a peptide of about 16 amino acid residues remains attached to the RNA. Therefore, we cannot exclude the possibility that such a peptide remaining fixed to the TBRV genomic and satellite RNAs may be essential for the in vitro translation. Nevertheless, in so far as intact VPg does not play a role in in vitro translation but seems necessary for virus infection in vivo, further investigations are needed to test for the presence of VPg in genomic or satellite RNAs associated with polyribosomes isolated from inoculated leaves or protoplasts. Indeed, it is worth noting that, for poliovirus, the virus-specific RNA associated with polyribosomes (mRNA) differs from virion RNA by lacking VPg , although both types of RNA are infectious (Flanegan et al., 1977) . Nearly all the coding potential of TBRV RNA-1, RNA-2 and satellite RNA (RNA-3) is used during translation in vitro (Fritsch et al., 1980) and, therefore, initiation must occur near the 5' end of these RNA molecules. When elongation was inhibited, the oligonucleotides protected from RNase T I by ribosomes were attached to VPg, leading to the conclusion that VPg must be bound at or very near the 5' end of these RNAs. When TBRV RNAs were digested with RNase T I and the VPg-bound oligonucleotides were analysed by PAGE, two major spots were consistently obtained either with genomic RNAs or with satellite RNA. Adding pancreatic RNase and RNase T 2 to the digestion mixture did not decrease the number of bands obtained, making it likely that VPg molecules are heterogeneous in charge. A similar conclusion has been reached for VPg from TBRV and two other nepoviruses (M. A. Mayo, personal communication) and for enterovirus VPgs (Vartapetian et al., 1980; King et al., 1980) .
When the RNase Tl-resistant oligonucleotides bound to VPg were analysed, those from the genome RNA species were similar in electrophoretic mobility, whereas those from the satellite RNA migrated faster in gels and were therefore smaller. The VPg-oligonucleotides of the two genome RNA species of cowpea mosaic virus have very similar sequences of about 80 nucleotides (Najarian & Bruening, 1980) and it may be that those of TBRV genome RNAs are also very similar. It would, therefore, be interesting to know if the VPg-linked oligonucleotide of satellite RNA has some measure of sequence similarity with that of either genome RNA species.
Another distinction between satellite and genome RNA was that whereas satellite RNA bound only one ribosome in wheat germ extracts, the genome RNAs bound several. In this respect genome RNAs seem to resemble several large virus mRNA species such as alfalfa mosaic virus RNA-3 (Pinck et al., 1981) , brome mosaic virus RNA-3 (Ahlquist et al., 1979) and foot-and-mouth disease virus RNA , whereas satellite RNA more closely resembles the monocistronic RNA-4 of brome mosaic virus (Dasgupta et al., 1975) . Only detailed sequence work will reveal the location and the nature of the initiation site used during translation and allow comparison of the leader sequences of the RNA species of TBRV. Possibly, as for other virus RNA species (Flanegan et al., 1977; Harris et al., 1978; Stanley & Van Kammen, 1979) , VPg can be used as a convenient 5' label in these studies.
